Aim Our aim was to investigate if there are differences in mitochondrial energy metabolism in working quadriceps and calves muscles by dynamic localized phosphorus-31 magnetic resonance spectroscopy. Materials and methods Phosphate metabolites of muscles were detected while subjects were in a state of rest, during exercise and recovery. The phosphocreatine (PCr), inorganic phosphate (Pi), adenosine triphosphate (ATP), PCr/Pi, PCr/ATP, pH, work/energy cost ratio (WE) and oxidative capacity were compared between muscles. Results The quadriceps had larger volume, heavier exercise load, greater WE, lower PCr and Pi concentration than calves muscles at rest. The PCr/Pi ratio of both muscles exhibited a sharp decline during exercise. PCr/ATP also had a downtrend in during exercise. Meanwhile, PCr/ATP of quadriceps during exercise was lower than that of calves muscles. The ATP concentration and pH value of quadriceps were decreased in end exercise compared to rest. And our results indicated that quadriceps had higher energy transfer efficiency and relatively poor energy buffering capability than calves muscles. The change in log(PCr) could adopt a linear fit model for both muscles at recovery. Conclusion Quadriceps had higher energy transfer efficiency and relatively poor energy buffering capability than calves muscles in mitochondrial energy metabolism partially accounts for different fiber type compositions.
Introduction
Skeletal muscles support normal human activity by converting energy into movement and strength. Muscles in different parts of the human body have diverse strength, contractile speed, endurance and volume with various fiber type compositions [1, 2] . Generally, human thighs have larger volume and more powerful while performing a task than calves. Actually, the fiber distribution and exercise performance of them are indeed different [3] [4] [5] . Also, in many muscle diseases, there is heterogeneity in the pathological manifestations of thigh and calves muscles (e.g., Duchenne muscular dystrophy, Charcot-Marie-Tooth Disease, and Flail leg syndrome) [6] [7] [8] . In this work, we investigated whether there was a difference in energy metabolism between the thigh and calves muscles due to the different fiber type composition.
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The detection of impaired energy metabolism in skeletal muscle is an important indicator of muscular disorders (e.g., Duchenne muscular dystrophy) [6] ; also, it is an auxiliary diagnostic method for systemic metabolic diseases (e.g., adiposity and insulin resistance) [9] and cardiovascular diseases (e.g., chronic heart failure) [10] . The measurement by muscle biopsy is limited in application because it is invasive, localized and unrepeatable [2, 11] . Noninvasive dynamic phosphorus-31 magnetic resonance spectroscopy ( 31 P-MRS) method allows direct estimation of highenergy phosphate metabolism in skeletal muscle to better understand muscle mitochondrial energy metabolism [5, [12] [13] [14] . It allows tracking of real-time changes in the relative concentrations of phosphocreatine (PCr), inorganic phosphate (Pi) and adenosine triphosphate (ATP), which are involved in high-energy phosphate metabolism, as well as changes in muscle pH [14] [15] [16] . The PCr recovery time constant (), a quantitative index of oxidative capacity, can be further calculated [12, 17, 18] .
Quadriceps and calves muscles are the two most representative muscles of the thigh and calves, respectively [3, 4] . In former studies, many 31 P-MRS studies showed the high-energy phosphate metabolism of quadriceps or calves muscles in state of health, training, aging or illness [10, [18] [19] [20] [21] [22] [23] . Among them, a 31 P-MRS study of quadriceps muscles from Japan exhibited that muscle phosphate metabolism is different between deep and superficial parts during dynamic exercise [22] . Another 31 P-MRS study showed that phosphate metabolism and oxidative capacity varies along the length of healthy human tibialis anterior [17] . However, few studies of differences in mitochondrial energy metabolism of thighs and calves skeleton muscles by 31 P-MRS in the same group of normal healthy people have been reported.
This study is to compare high-energy phosphate metabolism, pH and oxidative capacity of thighs and calves skeleton muscles by localized 31 P-MRS at rest, during exercise and recovery. More specifically, we selected the quadriceps and calves for this study as these muscles are easy to approach and perform in a well-defined and assessable way in kneeextending and plantar flexion exercises [10, 12] .
Materials and methods

Participants
A total of 17 healthy young (age: 21-25 yr) normal weight (body mass index: 18.67-23.14 kg/m 2 ) volunteers (10 male and 7 female) without special training or extraordinary physical activity habits were recruited for this study. All subjects did not have musculoskeletal, endocrine diseases and cardiovascular, neither undergoing any treatment for any other diseases. This study was approved by the ethical committee of the Affiliated Drum Tower Hospital of Nanjing University Medical School. The study complied with the Declaration of Helsinki. Oral and informed consent was obtained from all volunteers.
Magnetic resonance scanner and force control and gauge system
The module with plantar flexion pedal ( Fig. 1a ) and kneeextending pedal ( Fig. 1b ) was specially designed in-house to stress test the calves and quadriceps muscles. The maximum standard torque of this equipment is 80 N m. Subjects performed plantar flexion ( Fig. 1c ) and knee-extending ( Fig. 1d ) exercises with 25% maximum voluntary contraction (MVC) Fig. 1 The custom-built MR compatible quantitative force control and gauge system. Component 'a' is a computer control system, component 'b' is a digital panel with "feedbackmechanism" and component 'c' is a plantar flexion (A) and knee-extending (B) exercises pedal made with plastic. Figure  C and D shows a volunteer who performed plantar flexion (C) and knee-extending (D) exercises with 25% maximum voluntary contraction [12] , controlled by a self-designed force control and gauge system ( Fig. 1 ), in Philips 3T magnetic resonance scanner (Achieva 3.0T TX, Eindhoven, Netherlands).
Muscle volume measurement
The boundaries of quadriceps and calf muscles were manually delineated layer by layer on the two-dimensional sagittal images of the thigh ( Fig. 2a ) and the coronal images of calves ( Fig. 2e ), then the three-dimensional shapes of quadriceps and calf muscle were reconstructed. The volume of quadriceps and calf muscles was automatically measured. The sagittal and coronal fat-suppressed T 2 weighted images of the thigh and calves were obtained using the following parameters: TR = 3000 ms, TE = 72 ms, slice thickness = 3.0 mm, slice gap = 0.3 mm, FOV = 150 mm × 150 mm, matrix = 275 × 336.
31
P-MRS acquisition
A transmitter/receiver surface coil (dimension 14 cm × 14 cm, Philips, Netherlands) was used to obtain single-voxel 31 P-MRS (parameters: TR = 5000 ms, TE = 0.1 ms, NSA 8, VOI = 30 mm × 30 mm × 120 mm, acquisition time = 50 s) at three phases (rest, during exercise and recovery). The coil was firmly placed under the middle of the calves and quadriceps muscles. Rest: measurement was taken before exercise with the muscles at rest; during exercise: dynamic measurements were taken with of 25% MVC loaded isotonic exercise (exercise frequency: 0.5 Hz), repeated 6 times spectra and lasted for 5 min; recovery: dynamic measurements were taken after exercise with the muscles at rest, repeated 6 times spectra and lasted for 5 min. End exercise represented the first repeat of recovery. The initial MVC for each subject's calves and quadriceps muscles was determined before 31 P-MRS acquisition, measured by muscles' maximum load at rest according to Skurvydas's method [24] . The 31 P-MRS detection of working quadriceps and calves muscles took place on two different days within a week.
Metabolite measurements and PCr recovery kinetics
The PCr/Pi, PCr/ATP were determined from the corrected 31 P-MRS curve. The ATP value is equal to the sum of three different subtypes of ATP (α-ATP, β-ATP and γ-ATP). The PCr, Pi, work/energy cost ratio (WE), pH and oxidative capacity were calculated, respectively. The absolute PCr and Pi concentrations were calculated using PCr/β-ATP, PCr/Pi ratios, assigning a concentration of 5.5 mmol kg −1 muscle wet weight to the average resting value of the β-ATP peak [10, 12] . The WE of muscles was calculated as the load (kg) divided by the Pi:PCr ratio [12, 25] . The pH value was calculated according to chemical shifts of Pi and PCr by using the following formula: pH = 6.75 + log(Δ − 3.27)/(5.69 − Δ), where Δ is the chemical shift between Pi and PCr [15, 20] . The is an oxidative recovery rate time constant, which satisfies the formula: [12, 17] . Oxidative capacity was estimated by the following formula: Oxidative capacity = 1/ × [PCr] rest [17, 26] . 
Statistical methods
Statistical Package for Social Sciences (SPSS) version 20.0 software (SPSS Inc., IL, USA) and MS Excel worksheets (2003; Microsoft, Redmond, WA, USA) were used for statistical analysis. Measurement data were presented as mean ± SD. The differences in data between quadriceps and calves muscles were evaluated by paired-samples T test. Also, paired-samples T test was used to calculate the differences in metabolites between rest and end exercise. Metabolite ratios of rest, during exercise and end exercise were compared using one-way analysis of variance, multiple comparisons using LED test (equal variances) and Tamhane test (unequal variances) based on the results of a homogeneity test of variances. The linear fit model was adopted to calculate log(PCr) values at the stage of recovery. P value < 0.05 was considered statistically significant.
Results
General information and 31 P-MRS results at rest
All 17 volunteers completed the 31 P-MRS acquisition and carried out the exercise within the magnet according to the protocols without any problems. Typical 31 P-MRS spectra from the quadriceps or calves muscle displayed five major peaks representing Pi, PCr, α-ATP, β-ATP and γ-ATP ( Fig. 2i ). In this study, volume (1135.82 ± 119.73 vs. 692.75 ± 68.30 cm 3 , P < 0.001), exercise load (2.68 ± 0.85 vs. 1.96 ± 0.57 kg, P = 0.004) and WE (12.62 ± 6.41 vs. 8.79 ± 4.37, P = 0.013) of quadriceps were larger, heavier and greater than calves muscle; however, PCr (46.729 ± 20.137 vs. 62.536 ± 18.728 mmol/kg, P = 0.035) and Pi (5.119 ± 1.517 mmol/kg vs. 7.625 ± 2.608 kg, P = 0.041) concentration of quadriceps were lower than calves muscle at rest. The results suggested that quadriceps had larger mass, greater strength and more work efficiency; however, calves muscles had more energy reserves or greater energy buffering capability. Meanwhile, there were no statistically significant differences in PCr/Pi, PCr/ATP, ATP concentration and pH value between quadriceps and calves muscles at rest. The detailed data are presented in Table 1 and Fig. 3 . (end exercise, quadriceps = 5.120 ± 1.877 mmol/kg, calves = 7.614 ± 3.200 mmol/kg, P = 0.027) had statistically significant differences between quadriceps and calves muscles. Figure 4a displays the time course of the changes in PCr/Pi ratio from rest to recovery for quadriceps and calves muscles, which exhibits the sharp decline in PCr/Pi ratio of both muscles during exercise. There were statistically significant differences of PCr/Pi ratio among different phases (rest, during exercise and end exercise) for both quadriceps and calves muscles. Although PCr/ATP also had a downtrend in during exercise, the statistically significant difference only existed between during exercise and the other two phases for the quadriceps. Quadriceps had homologous PCr/Pi, but less PCr/ATP than calves muscles during exercise, demonstrating quadriceps had higher energy transfer efficiency than calves muscles. The ATP (quadriceps, rest = 27.367 ± 4.646 mmol/ kg, end exercise = 21.921 ± 5.167 mmol/kg, P = 0.005) concentrations and pH (quadriceps, rest = 7.004 ± 0.022, end exercise = 6.982 ± 0.032, P = 0.003) values of two groups decreased at the end of exercise; nevertheless, only that of quadriceps had statistically significant differences compared to rest state. It indicated that the energy buffering capability of quadriceps was weaker than calf muscles. The detailed data are presented in Table 1 and Fig. 3 .
Dynamic 31 P-MRS results
Recovery of PCr and oxidative phosphorylation parameters
The recovery of PCr did not show the difference between quadriceps and calves muscles. The change in log(PCr) could adopt a linear fit model (quadriceps: y = 0.0248x + 1.5325, R 2 = 0.8367; calves: y = 0.0243x + 1.6583, R 2 = 0.8125) to calculate PCr values for both muscles at recovery (Fig. 4b) .
The mean values of the oxidative capacity of quadriceps and calves muscles are shown in Table 1 . Although the oxidative capacity of quadriceps was slight lower than that of calf muscles, there were no statistically significant differences between them. The detailed data are presented in Table 1 .
Discussion
We applied a noninvasive localized dynamic 31 P-MRS for single-voxel acquisition with accurate voxel location to study phosphate metabolite levels of quadriceps and calves muscles, in order to investigate whether there was a difference between them under various metabolic states. Our results demonstrated that dynamic 31 P-MRS could effectively monitor the dynamic change in PCr, Pi and ATP, metabolites involved in high-energy phosphate metabolism and manifested that phosphate metabolite differences were, indeed, existed between quadriceps and calves muscles.
Our study recruited 17 healthy young participants without special training or extraordinary physical activity habits. The muscle volume and exercise load (25% MVC) of quadriceps were larger and heavier than that of calves muscles and consistent with conventional understanding; also, the WE of quadriceps were greater. However, the quadriceps contained less PCr and Pi than calves muscles at rest. Skeletal muscles maintain exercises on the strength of consuming ATP; it can be regenerated through shifting a phosphate group from PCr to ADP by the creatine kinase reaction [12, 16, 17, 20] . Therefore, PCr acts as an intermediate energy buffer and 'shuttles' high-energy phosphates from the mitochondria to the myofibrils. Our results suggested that quadriceps had larger mass, greater strength and more work efficiency; however, calves had more energy reserves or greater energy buffering capability.
Further research in dynamic phosphate metabolite change, the PCr/Pi ratio statistically significant decreased in during exercise compared to rest and end exercise in both quadriceps and calves muscles, which closely coincide with Table 1 The muscle parameters and detail metabolite levels of quadriceps and calves muscles Data were shown as mean ± SD. WE, work/energy cost ratio. During exercise denotes the average level of all total six 31 P-MRS spectra of during exercise. End exercise denotes the first repeat 31 P-MRS spectrum among the total six spectra of recovery. P compares rest, during exercise and end exercise. P 1 compares rest to during exercise. P 2 compares rest to end exercise. P 3 compares during exercise to end exercise. P 4 compares quadriceps to calf muscles a Statistically significant difference between rest and during exercise. b Statistically significant difference between rest and end exercise. c Statistically significant difference between during exercise and end exercise. d Statistically significant difference between quadriceps and calves muscles. previously published research [12, 19, 22] . The PCr/ATP ratio likewise had a downtrend in during exercise. To our knowledge, we are the first to report that the PCr/ATP ratio of quadriceps was significantly lower than that of calves muscles in during exercise. The high-energy molecule ATP, energy source for muscular contraction, splits into ADP, Pi as well as [H + ] ions by the ATPase enzyme [15] . As mentioned earlier, PCr decreases as a result of ATP homeostasis through transferring a phosphate group to re-phosphorylate ADP [16] . Quadriceps had homologous PCr/Pi, but less PCr/ ATP than calves muscles during exercise, demonstrating quadriceps had higher energy transfer efficiency than calves muscles, which were consistent with our results that the WE of quadriceps exceeded that of calf muscles. We found that the ATP concentration and pH value of two groups decreased at the end of exercise both in quadriceps and calves muscles; this agreed with ATP → ADP + Pi + [H + ] ions resulting from exercise. Interestingly, in our study, only that of quadriceps had statistically significant reduced compared to rest state. Under the PCr buffering system Fig. 3 The high-energy phosphate metabolism and pH of quadriceps and calves muscles. During (During exercise) denotes the average level of all total six 31 P-MRS spectra of during exercise. End (End exercise) denotes the first repeat 31 P-MRS spectrum among the total six spectra of recovery. a Statistically significant difference between rest and during exercise. b Statistically significant difference between rest and end exercise. c Statistically significant difference between during exercise and end exercise. d Statistically significant difference between quadriceps and calves muscles. P < 0.05 means statistically significant difference Figure b shows the recovery line of logarithmic PCr predicted by a linear fit model for quadriceps and calves muscles mentioned before, [H + ] ion metabolism is balanced, and the pH value remains unchanged at muscular work. The concentration of [H + ] ions increased in line with the intensity of exercise continuing on until broken the buffering system, performed with a decreased pH value at the end of the exercise. It indicated that energy buffering capability of quadriceps was weaker than calves muscles. These differences may be related to the heterogeneity in fiber type composition and contractile speed of skeletal muscle between quadriceps and calves muscles. Muscle fiber type composition and volume are major factors that determine power, strength and endurance of muscles. We knew that the quadriceps muscles have more fast fibers (type II) and the calves muscles have more slow fibers (type I) relative to each other from the previous histological and biochemical studies [3, 4] . Muscle type II fibers have faster contraction ability, more superficial location, thicker morphology, more innervation, slower pH recovery, less capillary network and blood supply, compared to type I fibers [1, 2, 15, 27] . Thus, it is not difficult to understand why the quadriceps muscles are larger, stronger and more efficient; meanwhile, the calves muscles have more energy reserves or energy buffering capability that can be called endurance of muscles.
The recovery of PCr, mean values of k PCr and oxidative capacity did not show the difference between quadriceps and calves muscles. The previous published articles demonstrated that the PCr recovery curve could be predicted by a monoexponential fit model for skeletal muscle [1, 28] . Therefore, we used a logarithmic algorithm to change PCr values to log(PCr); as a consequence, the change in log(PCr) could adopt a linear fit model to calculate PCr values for both muscles at recovery (Fig. 4) . Generally, quadriceps display greater strength (load) than calves muscles while performing a task. Exercise load has a potential effect on the inter-muscular imparities of phosphate metabolite. In our study, we adopted the load program according to individual 25% MVC controlled by our force control and gauge system. We thought that the individual load may be more valid than the same exercise load to every subject with a different motor ability for detecting individual phosphate metabolisms and oxidative capacity [1, 15, 20] .
Our study had several limitations. Firstly, relatively lower temporal resolution (50 s per spectrum) compared to 7T ultra-high field three-dimensional 31 P-MRS research [29, 30] restricted the exact calculation of PCr recovery constants; however, it had been best designed to gain the better signal-to-noise ratio in conventional hospitals (3T magnetic resonance scanner) which was consistent with some previous studies [19, 20] . Secondly, a motion artifact during 31 P-MRS acquisition could be caused by the exercise, potentially adverse factor for generating highquality and stable phosphate metabolite signal, which had been controlled in this study as much as possible by firmly placing the surface coil under the muscles and hold it tightly to reduce the relative movement for increasing the signal-to-noise ratio. Thirdly, we have to note that the sample size was relatively small in our study; it caused relatively greater variation in some measurement parameter, yet more volunteers were ongoing recruited for enhancing the reliability and stability of phosphate metabolites detected by 31 P-MRS and increasing more statistical power of our results accordingly. Fourthly, in 31 P-MRS acquisitions, relatively large voxel size may cause partial volume effects that affect the final results. However, the use of this voxel size is based on several considerations. Firstly, the concentration of phosphorus metabolites in tissues is relatively low, while we used single-voxel 31 P-MRS, and larger voxel size can increase the signal strength of metabolites. Secondly, we want to include as many quadriceps or calves muscles as possible to reflect the overall state of the muscles rather than local changes. Thirdly, during the experiment, we found that such voxel size could be contained in the quadriceps or calves muscles of normal people and we tried to put it in the center of muscles to minimize the partial volume effects. Another limiting factor in this study was that we concentrated on inequable phosphate metabolites caused by low-load (25% MVC) exercise condition. We need to work out whether the conclusion from this study (25% MVC) could be generalized to other exercise situations (e.g., 50% MVC, 75% MVC or exhaustion) in our future study. Actually, we tried the same experiment with 50% MVC in our preliminary study. However, some volunteers (e.g., females) could not tolerate large exercise load (e.g., 50% MVC) to maintain the regular exercise in whole 5 min. Maybe this question can be ruled out by applying different muscle loadings to males only or specially trained volunteers to fulfill next work.
Conclusions
This study compared high-energy phosphate metabolism, pH and oxidative capacity of quadriceps and calves muscles by dynamic localized 31 P-MRS at rest, during exercise and recovery. This was the first demonstration in human adults that quadriceps had higher energy transfer efficiency and relatively poor energy buffering capability than calves muscles in mitochondrial energy metabolism with low-load isotonic exercise partially accounts for the differences in fiber type composition. This noninvasive technology allows us to further study and understand the inter-muscular differences in high-energy phosphate metabolism at various exercise status in the future.
